Mu2e is a muon-to-electron conversion experiment being designed by an international collaboration of more than 65 scientists and engineers from more than 20 research institutions for installation at Fermilab. The experiment is comprised of three large superconducting solenoid magnet systems, production solenoid (PS), transport solenoid (TS) and detector solenoid (DS). A 25 kW, 8 GeV proton beam strikes a target located in the PS creating muons from the decay of secondary particles. These muons are then focused in the PS and the resultant muon beam is transported through the TS towards the DS. The production solenoid presents a unique set of design challenges as the result of high radiation doses, stringent magnetic field requirements, and large structural forces. This paper describes the conceptual design of the PS cryostat and will include discussions of the vacuum vessel, thermal shield, multi-layer insulation, cooling system, cryogenic piping, and suspension system.
INTRODUCTION
The mu2e magnet system is consists of three magnet systems made up of seven separate magnet assemblies. The production solenoid (PS) and detector solenoid (DS) are each a standalone magnet assembly. The transport solenoid (TS) which connects the PS and DS is actually made up of five different magnet assemblies, TS1 through T5. FIGURE 1 shows an isometric cross-section of the entire solenoid system. The PS is shown on the left and DS on the right, both connected by the TS assembly [1] . The scope of this paper is the conceptual design of the PS magnet cryostat assembly. Muons are created in the PS from a proton beam striking a target in the center of the magnet assembly and focused. The magnetic field is graded such that the muon beam moves toward the TS where it is transported toward the DS which houses the experiment's detector and calorimeter.
PS ASSEMBLY

Cold Mass
The complete PS assembly consists of the cold mass or coil assembly, cryostat, and magnetic shield. Although the focus here is on the cryostat, it helps to have an idea what the coil structure looks like. The complete PS coil is shown in FIGURE 2. The assembly is built up from three individual coil sections joined by mechanical fasteners as shown. Each section has a different number of coil layers in order to achieve the axially graded field required to push the muon beam toward the TS. The coil assembly is 1.67 m inside diameter, 1.93 m outside diameter, and 3.935 m long and weighs 11,500 kg [2] .
Vacuum Vessel
The vacuum vessel serves to house all the magnet assembly components in their asinstalled positions, to provide a secure load path to the floor, to insulate all cryogenic components in order to minimize heat load to the cryogenic circuits, and to maintain the insulating vacuum. The PS vacuum vessel is an annular stainless steel shell 2.6 m OD, 1.5 FIGURE 2. PS cold mass assembly. 
Thermal Shield and Multi-Layer Insulation
The thermal shield sits inside the vacuum vessel shell and totally encloses the cold mass and axial structural supports. It is an aluminum annular shell similar to the vacuum vessel. The shield will be cooled with 80 K helium gas generated by heat exchange with liquid nitrogen. It will be covered with two 30-layer blankets of multi-layer insulation (MLI) between the 300 K surfaces of the vacuum vessel and 80 K surfaces of the shield. FIGURE 4 shows the thermal shield assembly. The MLI blankets are not shown. 
Cold Mass Structural Supports
The structural supports consist of two separate systems for the cold mass and thermal shield. One system resists axial loads, the other radial loads. The main force acting on the cold mass is a magnetic force acting on the assembly in the direction of the TS. Combined with other, smaller forces generated through interactions with the radiation shield, eddy current forces during quench, and misalignment inside the iron yoke, the total axial force can be as high as 170 tonnes.
During the initial phase of the design several candidate materials were evaluated with the choice being narrowed to either titanium or Inconel-718. Both materials are readily available, exhibit high strength, and have relatively low thermal conductivity. Composites were initially considered, but rejected due to the inaccessibility of the supports after assembly and the high radiation dose expected over the lifetime of the experiment. For the baseline design, Inconel-718 has been selected due to its good machining and welding characteristics.
The axial support system consists of eight Inconel-718 rods attached at one end to the center of the cold mass and at the other to the vacuum vessel end walls. The vacuum vessel ends are assembled using a series of Belleville springs to accommodate approximately 3 mm of thermal contraction in the rods during cooldown. With this configuration, the rods on one end of the assembly resist loads in one direction while the other half resist loads in the opposite direction. The rods not loaded are free to move axially, eliminating any potential for buckling.
The radial supports see significantly less total force, the main one being the gravity load of the cold mass itself. Combined with other, lesser forces, the total transverse force can be as high as 21.5 tonnes. The radial support system consists of a series of sixteen Inconel-718 rods attached in four pairs at each end of the cold mass. Like the axial supports, one end is attached directly to the cold mass and the other to the vacuum vessel shell. Due to their shorter length, Belleville springs are not used for the radial supports. The mechanical loads are superimposed on the cooldown stress in the rods. FIGURE 5 shows the cold mass with both the axial and radial support systems attached. FIGURE 6 shows the result from the analysis on one of the axial supports under the total maximum load of 170 tonnes. It shows the maximum stress occurs in the anchor rod itself and is 338 MPa (49,000 psi). The allowable stress for Inconel-718 is 531 MPa so the current design has a safety factor of 1.5 [3] . The clevis and pin are also Inconel-718 and have lower stresses than the rods. TABLE 1 summarizes the physical properties of all the structural support components as well as the overall heat load due to conduction and thermal radiation.
Thermal Shield Structural Supports
The thermal shield is also subject to axial and transverse structural loads, albeit much smaller than those acting on the cold mass. The main axial load is due to shipping and handling. The main transverse load is due to those same loads plus the gravity load on the 1-tonne shield. The radial supports are identical to those on the cold mass and exit the vacuum vessel through the same ports on the outer shell. The axial support is only at one end and consists of four 9.5 mm diameter Inconel-718 rods secured to the non-TS end of the vacuum vessel end wall. During cooldown, the radial support rods are thermally tensioned to 268 MPa. The maximum transverse load adds 108 MPa to this initial prestress for a total of 376 MPa. Both the radial and axial thermal shield supports are visible in FIGURE 4. 
Alternate Designs
Several alternate designs were considered early in the conceptual design development, mostly of the mechanical support system. Initial design concepts included radial support spiders similar to those used in cryogenic transfer line systems and other superconducting magnets. In this case, the supports were large and subject to high stress during cooldown due to thermal contraction of cold mass. This also gave rise to large changes in the magnet centerline position during cooldown. Finally, due to concerns about high radiation dose and inaccessibility after assembly, an all-metal support system was chosen. COOLING SCHEME
Thermal Siphon
The baseline cooling scheme for the PS is thermal siphoning; the baseline cooling scheme for the TS and DS is a forced flow system. The cryogenic feedboxes will be designed to accommodate both types of cooling (with some modifications). It is unlikely that forced flow cooling would be adopted for the PS. Thermal siphoning provides liquid helium at a lower inlet temperature to the magnet and the PS requires as much temperature margin as possible because of heating from the radiation shield. It is possible that thermal siphoning could be adopted for the Detector Solenoid after further analysis and depending on vendor preference. 
FINAL ASSEMBLY
A cross section of the final assembly of the PS cryostat is shown in FIGURE 9. It illustrates the relative positions of the cold mass, thermal shield, thermal siphon, and vacuum vessel. The rail shown running the length of the inner diameter will be used to install and support the 60-tonne radiation shield that resides in the warm bore of the magnet. The two saddle supports mounted on the bottom of the vacuum vessel will anchor the cryostat assembly inside the iron yoke.
